Mesangial structure and function in the remnant kidney  by Schwartz, Melvin M. & Bidani, Anil K.
Kidney International, Vol. 40 (1991), PP. 226—237
Mesangial structure and function in the remnant kidney
MELVIN M. SCHWARTZ and ANIL K. BIDANI
Department of Pathology, Rush Medical College and the Section of Nephrology, Department of Medicine, Loyola School of Medicine,
Chicago, Illinois, USA
Mesangial structure and function in the remnant kidney. The patho-
genetic significance of changes in mesangial structure and function were
studied in hypertensive (HT) (BP SD = 173 23 mm Hg, N = 13) and
normotensive (NT) (330 17 mm Hg, N = 12) WKY rats with 5/6
nephrectomy and compared to sham-operated controls (SHAM) (121
11 mm Hg, N = 12). Rats were fed a 24% protein diet and studied six
to eight weeks after surgery. Acute glomerular necrosis was present in
6/13 HT, 1/12 NT, and 0/12 SHAM, and glomerular sclerosis was seen
in 7/13 HT, 4/12 NT, and 0/12 SHAM. HI and NT had glomerular and
tubular hypertrophy compared to SHAM (mean glomerular diameter
so,HT= 174± l7sandNT= 171 l2cf.SHAM= 142± l1,P
0.0012, ANOVA). The fractional mesangial volumes, determined by
ultrastructural morphometry, were similar in all groups, but the abso-
lute volumes were increased in the HT and NT (HI = 323 303 x
io- and NT = 335 75 cf. SHAM = 164 20, P = 0.01, ANOVA).
Mesangial clearance of aggregated rat IgG (AgRalgG) was studied in
serial biopsies by immunofluorescence microscopy. Following i.v.
injection, mesangial AgRaIgG appeared increased in HI and NT over
SHAM for four hours, but after 24 hours, the label had disappeared
from the mesangium in all groups. We conclude that neither increased
mesangial volume nor abnormalities of mesangial clearance of macro-
molecules plays a role in the pathogenesis of the acute, necrotizing
glomerular lesion which was mainly seen in HI rats. On the other hand
glomerular sclerosis, seen in both NT and HI rats but not sham
controls, may result from more than one mechanism. In the HT rats
scarring may result from healing of the acute glomerular lesions.
Although we have excluded the mesangial clearance function as a factor
in the pathogenesis of glomerular sclerosis, the presence of glomerular
scarring in NT rats suggests that the lesions may result from dysfunc-
tion of other glomerular cells or unmeasured mesangial cell functions.
Glomerular sclerosis is the common morphological endpoint
of injury in many renal diseases. The mechanism of scar
formation is obvious following necrotizing glomerular inflam-
mation, but the pathogenesis is incompletely understood when
glomerular sclerosis occurs in diseases without histological
evidence of inflammation [1] and in the progression of chronic
glomerular disease in general [2, 3]. The remnant kidney model
in the rat (RK), produced by removal of one kidney and
infarction of most of the remaining kidney, is widely employed
in the study of the progressive glomerular scarring [4—6]. The
glomerular sclerosis and nephron loss that characterize the
model have been attributed to hyperfunction [7] that occurs as
the remaining glomeruli adapt to meet increased functional
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demands, and attention has focused on the role of intraglomer-
ular [8, 9] and systemic [10] hypertension in the RK where even
mildly elevated blood pressure has been implicated in injury to
the glomerular microvasculature and consequent necrosis and
scarring. However, it is also plausible that alterations in struc-
ture [11] and/or hemodynamics of the hypertrophied remnant
glomeruli cause dysfunction of glomerular cells, leading to
glomerular scarring by different mechanisms.
Morphological [6, 12—14] and functional [13] observations
have suggested that the mesangiurn is abnormal in the RK.
Increase in mesangial matrix and/or cellularity, seen in the RK,
have been interpreted as the initial morphological signs of injury
that eventuate in glomerular scarring [6, 12—14]. Furthermore,
accumulation of native proteins and tracer macromolecules has
suggested that defective mesangial function exists in these
remnant glomeruli predisposing them to injury [13]. To inves-
tigate the role of the mesangium in glomerular injury, we
studied mesangial structure and function in Wistar-Kyoto
(WKY) rats. These animals are the normotensive parental
strain of spontaneously hypertensive (SHR) rats, and they have
a variable tendency to develop hypertension after ablative
surgery [15]. Thus, we studied the rat remnant kidney model to
determine whether altered mesangial structure and function
play an independent role in the pathogenesis of glomerular
scarring in this model.
Methods
Experimental design
Renal mesangial structure and function were studied in male
WKY rats with and without hypertension, following greater
than 5/6 reduction in renal mass. After baseline determinations
of awake blood pressure, 24-hour urinary protein excretion and
serum creatinine, 150 to 200 g WKY rats were subjected to
either standard ablative surgery (see below) or sham operation.
The rats were fed a standard diet (22% protein) and water ad
lihitum. They were followed for six weeks, when approximately
one-half were hypertensive (blood pressure 150 mm Hg) [15].
Blood pressure, 24-hour urinary protein excretion, and serum
creatinine were again determined, and the animals were sacri-
ficed after they were studied. Hypertensive ablated (HT),
normotensive ablated (NT), and sham operated (SHAM) rats
had mesangial function (SHAM-6; HT-6; NT-6) and morpho-
metric studies (SHAM-6; HT-7; NT-6). The kidneys from all the
rats were studied for morphologic evidence of glomerular
and/or vascular injury and nephron loss.
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Renal ablation and sham operation controls
The rats were anesthetized with sodium pentobarbital (45
mg/kg) given via the tail vein and supplemented as needed.
They were placed on an operating table maintained at body
temperature. The abdomen was opened through a midline
incision; and after ligation of the renal artery, the right kidney
was removed. The hilus of the left kidney was visualized, and
all but one of the extrarenal branches of the left renal artery
were ligated. This resulted in the infarction of from two-thirds
to three-fourths of the kidney. The abdomen was closed in
layers, and the animal was allowed to recover. The SHAM rats
had a laparotomy, and both renal hila were visualized and
manipulated. But, no arteries were ligated. At surgery, the
ligations resulted in cyanosis of approximately 3/4 of the left
kidney, but to insure that comparable degrees of infarction were
achieved, the serum creatinine was determined one week after
ablative surgery. Animals that at least doubled their serum
creatinines were included in the study.
Blood pressure measurements
Blood pressure was measured with an occlusive tail cuff
(model B60 type sensing cuff, amplified by a IITC model 59
amplifier from IITC Life Sciences (Woodland Hills, California,
USA), and recorded with a Bausch and Lomb Omniscribe
Recorder (Houston Instruments, Austin, Texas, USA). This
procedure was performed in a warm, quiet room on trained
unanesthetized animals. The blood pressures were measured on
three consecutive days, and the reported value is the mean.
Animals with a blood pressure l50 mm Hg were assigned to
the hypertensive group.
Serum creatinine
Serum creatinine was determined with an autoanalyzer (Cre-
atine Analyzer 2, Beckman, Instruments, Palo Alto, California,
USA) on serum samples obtained by clipping the tail while the
rat was anesthesized with ether.
Protein excretion
Urine collections were obtained for 24 hour intervals in
metabolic cages. Proteinuria was assessed by the quantitative
sulfosalicylic acid method with human serum albumin serving
as the standard.
Morphologic studies
A transverse section of kidney through the papilla was fixed
in 10% neutral buffered formalin and embedded in paraffin.
Sections were cut at 4 tand stained with hematoxylin and eosin
(H & E) and periodic acid-Schiff (PAS). Sections were system-
atically evaluated for glomerular and vascular lesions. All
glomeruli in the sections were evaluated except for hyalinized
and ischemic glomeruli with shrunken tufts, wrinkled, folded
basement membranes and collapsed capillaries within and im-
mediately adjacent to the gross infarcts caused by the ligations.
Four categories of glomeruli were identified: The glomeruli
from the SHAM rats were considered normal, and glomeruli
from the HT and NT groups were considered normal if their
architecture and mesangial cellularity resembled the glomeruli
of SHAM rats; segmental sclerosis was identified by partial
obliteration of the glomerular capillaries with loss of architec-
ture with or without adhesion in the absense of histologic
evidence of necrosis and inflammation; global sclerosis was
defined as complete loss of the glomerular architecture with
obliteration of virtually all capillaries; and acute hypertensive
injury consisted of fibrinoid necrosis of the tuft, rupture of the
glomerular basement membranes, spillage of blood and fibrin
into Bowman's space and crescent formation [6, 101. Acute
hypertensive vascular injury was identified by fibrinoid necrosis
of vessel walls, aneurysmal dilation, proliferation of perilume-
nal connective tissue cells (onion-skin) and reactive inflamma-
tion and hemorrhage in the necrotic vascular wall and perivas-
cular interstitum [101.
Morphometric studies
The rats were anesthetized with sodium pentobarbital (45
mg/kg i.p.); the aorta was cannulated; and the kidneys were
perfusion-fixed at the measured mean arterial pressure. Follow-
ing a brief perfusion with saline (38.5°) until the venous effluent
cleared, perfusion with 2% wt/vol paraformaldehyde and 2.5%
glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4 (38.5°) was
continued for ten minutes. The kidneys were excised and sliced
at 2 mm intervals in the transverse plane. Random sections of
well-perfused, unscarred cortex were selected and oriented
with one edge at the capsular surface and one edge at the
corticomedullary junction, beneath the arcuate arteries. To
preserve orientation, the sections were flat-embedded in Epon,
cut with glass knives and stained with toluidine blue [16]. The
superficial and mid cortical glomeruli were systematically eval-
uated by standard stereologic methods [17, 18]. The juxtamed-
ullary glomeruli were excluded by not evaluating the glomeruli
below and two layers above the arcuate arteries because
inclusion of this population of larger glomeruli would have
complicated the analysis. All superficial and mid cortical gb-
meruli were included in the determination of glomerular diam-
eter, but point counting was limited to well-preserved glomeruli
without segmental scars or necrosis. This exclusion was made
because of the difficulty encountered in determining the extent
of the damage during light microscopic morphometric studies.
The validity of this exclusion was tested previously [15] when
we found that the glomeruli studied morphometrically had the
same mean diameter as the whole population determined from
the real distribution profile for the entire sample. Animals were
excluded from analysis if perfusion fixation was judged to be
inadequate at the time of the perfusion fixation or if the tubular
cytoplasm was autolyzed when examined microscopically. The
maximum and minimum individual glomerular diameters (be-
tween the internal edges of Bowman's capsule) were measured
by an ocular with concentric circles calibrated with a stage
micrometer. As the ratio of these diameters was below the limit
of 1.4, proposed as the highest values that allows the treatment
of ellipsoids as spheres [17, 18], the geometric mean of the
major and minor axis measurements was considered to be the
diameter of each individual gbomerulus. The real distribution
profile of the different glomeruli in each animal was then
determined by the method of Van Damme and Koudstaal [19].
The mean glomerular diameter for each animal was calculated
from the distribution profile and glomerular volume was calcu-
lated from the formula 4/3ir r3. The contribution of glomerular
capillary enlargement to the glomerular hypertrophy response
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Table 1. Laboratory values and blood pressure
Weight g (±sD)
Serum creatinine
,ng/dl (± SD)
Urinary pr(±
otein mg/24 h
SD)
Systolic blood pressure
mm Hg (± SD)
Group Baseline Finala Baseline Final Baseline Final Baseline Final
I. SHAM 184 3OO 0.47 0.54 7.1 103b 123 121
(N = 12) (15) (21) (0.05) (0.19) (2.2) (3.7) (7) (11)
2. HT 179 248b 0.51 6.5 221b 124 173b
(N = 13) (17) (43) (0.09) (0.43) (1.7) (13.7) (7) (23)
3. NT 181 274b 0.48 086b 6.2 188b 125 130(N = 12) (24) (37) (0.08) (.21) (3.4) (5.2) (13) (19)
ANOVA NSC P = 0.0034 NSC P < 0.0001 NSC P = 0.0072 NSC P < 0.0001
t-test
I vs. 2 P < 0.001 P < 0.001 P = 0.0167 P < 0.001
I vs. 3 P < 0.001 P < 0.01 P < 0.001 NSd
2 vs. 3 NS" NSd NSd P < 0.001
a 6 weeks after ablative surgeryb Final different from baseline, P  0.05
No difference among the means by ANOVA, P  0.05d No difference between the means at P 0.02 (Bonferoni's correction)
was determined morphometrically by standard point counting
techniques as previously reported [15, 17, 18].
The relative composition of the glomerular tuft constituents
(volume percent) were determined by the method of Olivetti,
Filiberto and Wiener [201. Five adjacent fields were photo-
graphed in each glomerulus and printed at a final magnification
of 8,400. Six well-preserved superficial or mid cortical glomeruli
without segmental lesions were selected from each animal and
thin sectioned through the hilum. They were analyzed with a
175 x 225 mm grid containing 2,520 sampling points and 35 line
segments, 225 mm in length. The volume fractions of glomeru-
lar tuft components were measured by counting the points
overlying the mesangial cell nuclei, mesangial cell cytoplasm,
mesangial matrix and capillary lumens. The absolute volumes
of the different glomerular constituents were determined from
the product of their relative values and the mean glomerular
volume in each animal.
Mesangial function studies
Mesangial kinetic function was evaluated by the mesangial
uptake and clearance of aggregated rat IgG (AggRalgG). Rat
IgG was isolated from commercially obtained rat serum by
ammonium sulfate precipitation. The precipitate was redisolved
in phosphate buffered saline and the sulfate was removed by
dialysis. The IgU was aggregated at 63°C for 30 minutes [21],
and the protein concentration was measured using albumen as
the standard and the Biorad method (Rockville Center, New
York, USA) and adjusted to 25 mg/mI. An aliquot of the
AggRalgG was evaluated by high pressure liquid chromatogra-
phy, and 15% of the protein was present as the dimer or trimer.
Fifty ml aliquots of the preparation were stored at —80°C until
used. Phenergan was given intraperitoneally five minutes before
the AggRalgG in a dose of 0.005 mg/g body weight. The ablated
rats and the controls were given AggRalgG in a dose of 0.25
mg/g body weight by tail vein injection. Serial biopsies of the
left kidney were taken under ether anaesthesia 2, 4, 6, 8 and 24
hours after injection of AggRalgG. Hemostasis was obtained
with Gelfoam and gentle pressure, and the abdomen was closed
in two layers with wound clips. All animals survived the
multiple biopsies and appeared active at the time of sacrifice.
The tissue obtained was placed on a piece of cork and snap-
frozen in isopentane cooled in a slurry of dry ice and isopen-
tane. Tissue was stored at —80° until it was sectioned at 6 in
a cryostat. Sections were stained by the indirect method as
previously described [22] using commercially obtained rabbit
anti-rat IgG as the first reagent and FITC goat anti-rat IgG as
the second. Rabbit anti-rat albumin was used as the negative
control. The reagents were tested by double diffusion in gel and
immunoelectropheresis, and the final concentrations used were
determined against known positives. The specimens were
viewed with a Zeiss photomicroscope III with an epiillumina-
tor. The specimens were examined by one observer (MMS) at
one sitting without prior knowledge of the source of the tissue.
The glomerular staining was semiquantitatively graded from
trace (minimal fluorescence) to 3+ (maximum positive fluores-
cence).
Statistics
Differences among the means of the continuous variables
were sought by ANOVA and the unpaired t-test using Bonfer-
oni's correction for multiple comparisons. A P value  0.05 was
considered significant.
Results
The body weights, laboratory values and blood pressures
were similar at baseline in all three groups (Table 1). All animals
significantly increased their weights above baseline during the
study, and although the NT and HT rats had similar increases
they did not gain as much weight as the SHAM. The serum
creatinine and urinary protein excretion increased similarly in
both NT and HT rats compared to baseline values and to the
final value of the SHAM. The HT animals were selected for a
blood pressure  150 mm Hg, and the final values was greater
than their baseline value and the final value of the SHAMs. The
final blood pressure of the NT rats was not different from the
SHAMs.
Pathology findings
Both HT and NT rats had enlarged glomeruli, and the tubules
were dilated and hyperplastic with foci of nuclear crowding and
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Table 2. Glomerular and vascular pathology
Glomerular injury Acute
vascularTotal Acute
Group abnormal" necrosis Scierosise injury
SHAM 89± l9 Oc 0 0 0
(N = 12) (0)d (0) (0)
HT 59 31 8/13 6/13 7/13 4/l3C
(N = 13) (5.23 2.40) (2.69 1.70) (4.08 2.13)
NT 65 20â 4/12 1/12 4/12 0
(N = 12) (5.79 3.76) (8.00) (3.13 1.33)
a Mean glomeruli examined per kidney SD
b Acute necrosis and sclerosis
Proportion of rats with lesion
d Mean percentage damaged glomeruli so in rats with lesions
Sclerosis = global plus segmental scars
Fig. I. Relative size of glomeruli from SHAM (A), HT (B), and NT (C) WKY rats. The glomeruli from the HT and NT rats show prominent
mesangia with segmental hypercellularity. Note the increased glomerular diameters in the ablated animals (B and C) compared to the SHAM (A)
and the enlarged almost aneurysmal capillaries which are especially prominent in the NT rats (C) (asterisks). A, B, C, = Perfusion fixed, plastic
embedded sections. Toluidine blue, x 230.
mitotic activity. In the transverse section of the kidney, the
glomerular density appeared decreased, and this observation
was supported by the presence of fewer glomeruli in each
section (Table 2). In the well preserved glomeruli, which were
in the majority, the mesangial areas were prominent and mildly
hypercellular compared to the SHAM (Fig. 1). The capillaries
were patent, and the glomerular capillary walls were normal. In
contrast to the SHAM, both the HT and NT rats had glomeruli
with segmental and global sclerosis. Epithelial cell reaction to
the segmental scar and hyaline, acellular exudates were not
seen (Fig. 2). There was no acute glomerular necrosis in the
SHAM, but it was seen in 6/13 of the HI and 1/12 of the NT rats
(Fig. 3). Acute vascular injury was seen only in the HT ablated
rats (Fig. 4).
The glomeruli examined by ultrastructural morphometric
analysis were selected for the absence of segmental lesions
(scars or necrosis), and thus, the acute necrotizing and chronic
scarring lesions were not studied by electron microscopy. The
glomerular architecture was well-preserved, and the appear-
ance of the mesangium in the SHAM was similar to that of the
HT and NT rats (Fig. 5). The mesangial cells did not have
increased organelles including residual bodies (lysozomes).
There was no ultrastructural evidence of mesangial cell necrosis
or injury. The mesangial matrix did not appear increased
relative to the cells in the nephrectomized rats, and the mesan-
gium did not contain electron-dense deposits, abnormal fibril-
latory matrix or cellular debris (Fig. 6).
Glomerular light microscopic morphometrics
The glomeruli of the HI and NT rats were larger than the
sham-operated controls when they were studied six weeks after
surgery (Table 3), and they were enlarged to an equal degree.
The fractional capillary volume was the same for all three
groups. The mean capillary radii of the HI rats was significantly
greater than that of the sham-operated controls (4.59 0.42 vs.
3.86 0.17 LM, mean SD, P < 0.01). Although the NT rats
had a numerically greater mean radius than the sham-operated
controls (4.35 0.43 ,sM), it did not achieve statistical signifi-
cance when Bonferoni's correction for multiple comparison's
was applied. The mean capillary radii of the HI and NT rats
were not significantly different, and when they were combined
and compared to the sham-operated controls, their mean cap-
illary radius was greater than the controls (4.48 0.43 jsM cf.
3.86 0.17, P < 0.05).
Ultrastructural morphometrics
The proportion of the glomerular volume (volume percent)
occupied by the mesangium and its cellular and extracellular
components were similar in both HT and NT rats and their
SHAM controls (Table 4). Despite the impression gained from
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5/6 nephrectomized rats, there were reabsorption droplets in
the glomerular epithelial cells and in the renal tubules.
Discussion
Fig. 2. Glomerulus with segmental glomerular sclerosis in a NT rat.
The glomerulus is enlarged with dilated capillaries (asterisks) and
prominent mesangium in the unscarred areas. The scarred area com-
prises segmental collapse of the glomerular capillaries with a broad
adhesion between the tuft and Bowman's capsule (arrows). Toluidine
blue, x 400.
optical microscopy that the mesangium is increased in the 5/6
nephrectomized animals, the mesangial and the capillary lum-
enal volume percents remained proportional to the total glomer-
ular volumes in the 5/6 nephrectomized animals, despite a
significant increase in total glomerular volume. When the abso-
lute volumes were calculated, (Table 5) the total mesangial
volumes of both the HT and NT rats was increased over that of
the sham-operated controls. In addition, the absolute volume of
mesangial cells and matrix were increased proportionally in
both 5/6 nephrectomized groups. The absolute volumes of the
mesangial cells increased in the 5/6 nephrectomized rats while
the ratio of mesangial nucleus to cytoplasm remained constant.
Mesangial kinetics
AggRalgG localized to the glomerular mesangium following
intravenous injection. Intensity of staining was greatest at the
initial biopsy taken two hours after injection (Table 6, Fig. 7).
Staining intensity appeared stronger in the 5/6 nephrectomized
animals, and it was most prominent in the NT rats. However,
similar proportions of rats in all three groups had significant
( 1 + intensity) mesangial fluorescence. By six hours the inten-
sity was similar among the SHAM control animals and the two
groups of 5/6 nephrectomerized rats. There were only a few
animals with significant staining after 24 hours.
Occasionally, 5/6 nephrectomized rats showed staining in
damaged segments. These findings were seen at all time inter-
vals and were not included in the grading. The glomeruli
mesangium did not stain with rabbit anti-rat albumin, but in the
The pathogenetic mechanisms of glomerular scarring in the
RK may be broadly classified into two categories: direct injury
follows the elevation of systemic blood pressure that frequently
develops after induction of the model. Renal autoregulatory
capacity, which is lost after ablative surgery [10], allows
transmission of systemic blood pressure to the renal microvas-
culature with deleterious effects upon the unprotected glomeruli
and small arteries. In addition, glomerular hypertrophy, re-
flecting increased single nephron function [7, 23], may potenti-
ate the destructive effects of hypertension via increased forces
generated in the vascular wall as a consequence of LaPlace's
law [15]. Thus, a role for hypertensive injury is established, but
the abnormal hemodynamics and structural milieu in the rem-
nant kidney may cause scarring by a second mechanism which
is independent of direct hypertensive injury to the glomerular
capillaries. In the present investigation we studied the mesan-
gial cell in vivo in normotensive with rats with RK and found
neither morphological nor functional evidence of mesangial
injury.
Abnormalities of mesangial structure [4—7, 12—14] and func-
tion [13, 24, 25] have been described in the RK in the rat, and
it has been postulated that they have a pathogenetic role in the
progressive glomerular disease seen in this model. Increased
mesangial cellularity has been described in the 5/6 nephrectomy
model [4—7, 12—14, 25], but these observations have not been
quantitated. In the present study increased absolute mesangial
cell volume with proportional increases in mesangial cell nu-
clear and cytoplasmic volume, supports the observation that 5/6
nephrectomy is associated with mesangial cell hyperplasia.
However, we did not confirm this observation with cell counts.
The initial reported morphological changes are increased
mesangial matrix and cellularity. The increase in mesangial
area, qualitatively assessed by increased periodic acid Schiff
(PAS) staining, is proposed to be an early sign of glomerular
injury that progresses to glomerular scarring [13, 26]. However,
when the relationship between mesangial PAS staining and
glomerular scarring has been examined critically, the correla-
tion is either weak [14] or the presence of other variables, such
as hypertension or genetic susceptibility [27], make it difficult to
uniquely relate glomerular scarring to increased mesangial PAS
positivity. In the present study, we confirm that mesangial
hypertrophy occurs after 5/6 nephrectomy, in both NT and HT
animals. Tapia et al [25] reported glomerular hypertrophy in
hypertensive rats with partial infarction of the left kidney, but
not in normotensive controls. However, the model was quite
different from the 5/6 nephrectomy model for hypertension was
caused by clipping the renal artery of the intact right kidney.
Since the hypertensive rats experienced a reduction in whole
kidney GFR compared to the unclipped normotensive animals,
hypertrophy of the reminant glomeruli in the left kidney appears
to be a compensatory response to reduced nephron mass rather
than a specific effect of hypertension. The increase in the
absolute mesangial volume, demonstrated at the ultrastructural
level, is reflected by increased PAS staining seen with the light
microscope. However, the mesangial volume and the volume of
its cellular and matrix components were not increased relative
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Fig. 3. Acute glomerular injury in HT rats. A. Fibrinoid necrosis involving the arteriole (asterisk) extends into the glomerulus. Hematoxylin and
eosin, X 400. B. Segmental glomerular necrosis with thrombosed glomerular capillaries containing fragmented red blood cells (arrow) and adhesion
between the involved portion of the glomerulus and Bowman's capsule. Perfusion fixed, plastic embedded, Toluidine blue stained, x 400. C.
Necrotic glomerulus with fibrin thrombi (arrows), collapse of the glomerulus and fibrin exudates in Bowman's space (asterisk). Hemotoxylin and
eosin, x 400.
tracer macromolecules [13, 261. Abnormalities in mesangial
Fig. 4. Hypertensive vascular injury in a HT rat. This small artery
shows aneurysmal dilation, concentric proliferation of smooth muscle
and connective tissue elements (onion-skin) and hemorrhage into the
perivascular tissue. Hematoxylin and eosin, x 400.
to the total glomerular volume even in the enlarged glomeruli of
the remnant kidney. This proportional increase suggests that
mesangial expansion in the remnant kidney does not necessarily
represent a pathological change but is, at least in part, a
structural consequence of glomerular enlargement.
The mesangial cell has many synthetic and regulatory func-
tions that may be important in the pathogenesis of glomerular
sclerosis in the RK. One that has been studied in vivo is the
mesangial localization and persistence of native proteins and
trafficking of macromolecules have been demonstrated in sev-
eral experimental glomerular diseases, and by analogy to mes-
angiopathic immune complex diseases in humans, such as SLE
and IgA nephropathy, or by relating acute abnormalities of
mesangiat kinetics to glomerular sclerosis developing at later
times in the models, it has been postulated that either increased
uptake by the mesangium or decreased clearance of harmful
substrates from the mesangium leads to glomerular sclerosis
[13, 26, 28—301.
Mesangial function in the remnant kidney was examined by
Olsen et a! [13]. Using electron microscopy, they studied the
amount of ferritin remaining in the mesangium six hours after
injection of the tracer macromolecule. At both one and two
weeks after surgery ferritin appeared to be more concentrated
in electron micrographs of the mesangium of rats with remnant
kidneys then in sham-operated controls. Since minimal evi-
dence of glomerular sclerosis was present, they were unable to
directly relate the retention of ferritin in the mesangium to scar
formation. Our study supports their observation that there is an
increase in the initial localization of tracer macromolecules in
the mesangium of remnant glomeruli. Given the absolute in-
crease in mesangial volume and increased blood flow to the
glomeruli seen in this model [7], it is not surprising that more
tracer localizes in the animals with ablation nephropathy than
in controls. Since our observation may reflect increased area
of the mesangium rather than increased concentration of
AgRaIsG, the question of persistence of macromolecules in the
mesangium is critical.
The present study demonstrated that tracer macromolecules
localized to the glomerular mesangium in rats with ablation
nephropathy are totally cleared after 24 hours and to the same
degree as in the SHAM control rats. Despite increased initial
localization compared to the SHAM control rats, both HT and
NT rats had virtually cleared their mesangium of AggRalgG by
24 hours. Given the larger amounts of tracer initially localized
in the RK rats and the possibility that saturation kinetics might
not have been achieved in either the SHAM or the RK rats, we
Ad
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Fig. 5. Mesangium in SHAM (A) and HT (B) rats. A. In the sham-operated control rat (SHAM) the mesangial cell (MC) and their processes have
a normal relationship to the endothelial cells and glomerular capillaries (CAP). B. In the HT and NT (not illustrated) rats the quantity of mesangial
area, the number of cells and their relationship with the glomerulus capillaries is normal by inspection. Although absolute mesangial volume almost
doubled (Table 5) in the HT and NT rats, this morphologic feature is not apparent in the proportionally enlarged, remnant glomeruli. A and B.
Uranyl acetate and lead citrate, x 8,400.
r
Fig. 6. Mesangial cells in SHAM (A) and HT (B) rats. A. Normal mesangial cells (MC) in a SHAM rat demonstrate typical elongated, branching
cytoplasmic processes that extend throughout the mesangial matrix and directly contact the endothelial cells (Endo) (arrow). B. The mesangial cells
in the HT and NT rats appear similar to those in the SHAMs. There are no phagolysosomes, and the other organelles are unremarkable. Some of
the processes appear edematous (asterisks) but frank necrosis and cellular debris is not seen. The glomerular epithelial cells contain protein
reabsorption droplets (arrows), A and B. Uranyl acetate and lead citrate, x 14,000.
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Glomerular
diameter1
141.57
(10.88)
174.14
(17.11)
171.13
(11.92)
P = 0.0012
P < 0.01
P < 0.01
NS
Group
___________
1. SHAM(N = 6)
2. HT
(N =7)
3. NT(N = 6)
ANO VA8
ttest"
I vs. 2
1 vs. 3
2 vs. 3
Data are presented as mean (± SD).
a Level of significance for ANOVA, P 0.05
b Level of significance for t-test, P 0.02 (Bonferoni's correction)
Group
I. SHAM
(N = 6)
2. HT
(N = 6)
3. NT
(N = 6)
Intensity of glomerular fluorescence using rabbit x rat IgG, graded from 0 to 3 +
b Mean SD of fluorescence - (trace = 0.5; 1+ = 1.0; 2+ = 2.0; 3+ = 3.0)
Proportion of animals with intensity of glomerular fluorescence equal to or greater than I +
Table 3. Glomerular light microscopic morphometrics
Glomerular Fractional Capillary Capillary
volume capillary volume surface
x IO volume % I.&M3 X io- area /iM2
1.50 0.264 395.33 46.93
(0.34) (0.039) (88.93) (4.27)
2.83 0.252 704.0 66.72
(0.80) (0.033) (186.81) (12.56)
2.65 0.252 678.17 59.89
(0.54) (0.037) (213.04) (12.22)P = 0.0027 NS P = 0.0107 P = 0.0130
P <01 NS P < 0.01 P < 0.01
P<01 NS NS NS
NS NS NS NS
Capillary
length
mm
9.18
(0.87)
10.80
(3.19)
11.24
(2.29)
NS
NS
NS
NS
Capillary
radius /LM
3.86
(0.17)
4.59
(0.42)
4.35
(0.43)P = 0.0087
P < 0.01
NS
NS
Table 4. Volume percent of mesangial components
Mesangium
Group Total Cells Nuclei Cytoplasm Matrix lumen
I. SHAM 11.3 2.2 7.15 1.25 1,69 0.52 5.46 0.76 4.16 1,56 32.08 7.50
(N = 6)
2. HT 11.3 4.7 7.18 2.80 1.52 0.69 5.66 2.21 4.04 1.99 34.68 5.91
(N =7)
3. NT 12.7 2.2 8.37 0.65 1.81 0.52 6.57 0.58 4.29 1.06 29.22 1.88
(N = 6)
ANO VA8 NS NS NS NS NS NS
Data are expressed as the percentage of glomerular volume SD.
8 Level of significance by ANOVA, P  0.05
Table S. Absolute volumes (/LM3 X I0—)
Mesangium Capillary
lumenGroup Total Cells Nuclei Cytoplasm Matrix
I. SHAM 164 25 105 14 24 6 80 10 61 16 499 195
(N=6)
2. HT 323 103 193 57 39 10 154 51 104 31 1010 426
(N = 7)
3. NT 335 75 223 53 48 12 175 43 113 37 768 125
(N = 6)
ANOVA8 P = 0.0020 P = 0.0011 P = 0.0020 P = 0.0019 P = 0.0161 P = 0.0209
t_testb
1 vs. 2 P < 0.01 P < 0.01 P < 0.01 P < 0.01 P < 0.02 P < 0.02
1 vs. 3 P < 0.001 P < 0.001 P < 0.01 P < 0.001 P < 0.02 NS
2 vs. 3 NS NS NS NS NS NS
8 Level of significance for ANOVA, P < 0.05
b Level of significance for t-test, P < 0.02 (Bonferoni's correction)
Table 6. Summary fluorescence results8
2 Hr 4 Hr 6 Hr 8 Hr 24 Hr
0.92 020b 0.80 0.30 0.80 0.4 0.80 0.7 0.30 0.30
(5/6)C (3/6) (4/6) (2/6) (0.6)
1.20 0.70 0.80 0.30 0.60 0.5 0.40 0.40 0.40 0.40
(4/6) (2/4) (2/4) (1/6) (1/6)
1.80 0.90 1.40 0.8 0.70 0.3 0.70 0.4 0.30 0.4
(5/6) (4/6) (2/5) (3/5) (1/6)
I I
rk .wr
vJ
i.Pi;.L.j.ir-. 1ik$
13
r,-T'-'
-
k;E--- -- -
Fig. 7. Mesangial localization of AggRalgG by immunofluorescence microscopy in serial biopsies taken 2 (panel A, C, E) and 24 hours (panels
B, D, F) after tracer injection. After 2 hours, the tracer is in the mesangium in the SHAM (A. I + with segmental 2 +), HT (C. I + with widely
segmental 2 +), and NT rats (E. 3 +). After 24 hours the mesangial deposits of AggRalgG are completely cleared in all three animals (B-SHAM.
D-HT. F-NT) A-F FITC rabbit and anti-rat lgG, x 420.
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cannot comment on the relative rates of tracer disappearance
among the groups. However, the qualitative similarities ob-
served between RK rats and their SHAM controls suggests that
any differences in renal pathology observed are not likely to be
due to differences in mesangial clearance function and/or the
mesangial persistence of macromolecules.
Two different lesions develop in the remnant glomeruli fol-
lowing 5/6 nephrectomy. One is characterized by fibrinoid
necrosis of the tuft, karyorrhexis, exudates of fibrin in Bow-
man's space, and epithelial cell reaction. The other comprises
glomerular sclerosis with collapse of part or all of the tuft,
fibrous obliteration of capillaries, and adhesions. These two
glomerular lesions are morphologically distinctive, and they do
not necessarily result from the same pathogentic mechanism.
The acute, necrotizing glomerular lesion is morphologically
identical to the lesions seen in experimental hypertension and
malignant hypertension in humans [31]. It appears to extend
into the glomerulus from the arterioles which are frequently
involved by a similar process. In the hypertensive animals,
typical lesions of malignant nephrosclerosis, hyperplasic arte-
riolitis (onion skin) and fibrinoid necrosis, develop in the
arterioles and interlobular arteries, despite moderate hyperten-
sion [10, 15, 16]. The vascular lesions and the focal nature of
glomerular involvement suggests that the preglomerular vascu-
lature normally protects the glomeruli, and when glomerular
necrosis develops in the remnant kidney, it is attributable to the
loss of autoregulatory ability [10]. Mesangial function in the RK
animals, assessed by clearance of AggRalgG from the mesan-
gium, was similar to that SHAMs despite greater initial mesan-
gial localization. Thus, acute glomerular necrosis in this model
may be imputed to the direct destructive effects of hyperten-
sion, and mesangial dysfunction does not appear to play a role
in the pathogenesis of this lesion. The pathogenesis of glomer-
ular scarring in RK rats is less straightforward.
A glomerular scar is the non-specific, final morphological
stage of various pathological conditions, and its etiology cannot
be deduced from the histology. One cause of glomerular scle-
rosis in RK rats with elevated blood pressure is hypertensive
glomerular necrosis that heals with scar formation. A role for
hypertension in the pathogenesis of glomerular scarring in the
RK is supported by sequential studies that show that glomerular
necrosis antedates glomerular scarring, and when glomerular
scars develop, they occur in animals with concomitant acute
necrosis [16]; there is less glomerular scarring in normotensive
RK rats [10—16]; and pharmacological and dietary control of
hypertension reduces the prevalence of glomerular scars [8, 9,
14]. Since we were not able to demonstrate an abnormality of
mesangial clearance or ultrastructural evidence of mesangial
cell injury in either HT or NT RK rats, it is unlikely that
glomerular scarring was due to mesangial injury or abnormality
of the clearance function that we studied. The presence of
glomerular sclerosis in four of twelve normotensive RK rats
suggests that hypertrophied glomeruli are at risk even in the
absence of systemic HT. The possibility remains that cellular
dysfunction causes glomerular injury leading to glomerular
scarring. Although we have excluded the mesangial clearance
function as a cause of glomerular scarring in the 5/6 nephrec-
tomy model in the present study, the lesions may still result
from defective function of other glomerular cells or unmeasured
mesangial cell functions.
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